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A lnus viridis (Chaix) DC. subsp. crispa (Aiton) Turrill (Betulaceae), commonly known as green alder or mountain alder, is a circumboreal species present from Alaska to Newfoundland and Greenland, south to New En gland and the Great Lakes States, and into the Pacific Northwest. It is found throughout northern Ontario but absent south of the Canadian Shield. Disjunct populations exist in Pennsylvania and North Carolina (Soper and Heimburger 1994) . Green alder is well suited for revegetation of disturbed sites because of its ability to fix nitrogen (Dalton and Naylor 1975) , ability to increase soil organic matter (Vogel and Gower 1998) , rapid early growth, and high survival rates (Prégent and Camiré 1985) . All species of alder enrich ecosystem nitrogen by means of a symbiotic relationship with the actinomycete Frankia spp. located in the root nodules. Approximately 45% of fixed nitrogen returns to the ecosystem through leaf fall, which also increases organic carbon (Schwencke and Carú 2001) . Consequently, green alder is able to grow in nitrogen-poor soils and in harsh, stressful environments. Many researchers have described successful use of green alder for reclamation and revegetation of disturbed lands (Prégent and Camiré 1985; Vogel and Gower 1998; Bissonnette and others 2014) .
Outplanting of nursery-produced green alder, commonly grown in 125 ml (0.033 gal) containers, is a common mode of establishing this species on reclaimed sites. Optimizing seed germination is critical to successful nursery production. Treatments that have included light, moisture, temperature, manipulation, and surface sterilization have proved effective in breaking embryo dormancy and enhancing seed germination (Farmer and others 1985; Brunner and Brunner 1990) . Cold stratification as a germination improvement method has been widely cited for green alder seed and offers twofold benefit: breaking seed dormancy and inducing uniform germination, which results in less variability in nursery stock. Even though cold stratification for green alder is recommended, the optimal length of stratification period has not been defined. Inconsistency is common in published reports regarding the time required to stratify green alder seed, varying from 0 to 60 d (Nichols 1934; Brunner and Brunner 1990; Wick and others 2008; Formaniuk 2013) . The purpose of the present study is to identify the optimal stratification period for rapid and uniform germination of green alder seed. We also evaluate the impact of seed collection timing on germination of green alder seed.
M A T E R I A L S A N D M E T H O D S
Green alder seed was collected from 3 populations, designated SPL1, SPL2, and SPL3 (Figure 1 ) within the Peace River region in Alberta during August to October 2013. Population SPL1 was selected for seed collection in the subsequent months of September and October to study the impact of collection timing on seed germination. Collected seed was extracted and stored in sealed containers. We placed seed in cold storage until it reached a desired moisture content of 3 to 10% (Gosling 2007; Hay and Probert 2013) , at which point we transferred seed to a freezer for storage. Seed collection, extraction, and storage temperatures and dates, along with the storage moisture content of the green alder seedlots, are summarized in Table 1 .
Cold stratification experiments were performed between March and July 2014. Treatments consisted of 3 stratification periods (2, 6, and 12 wk) and a non-stratified control (0 week). For each treatment, 4 replications of 50 seeds from each lot were germinated on moist, clean sand in Petri plates. All seed was pre-moistened and then stratified at 4 °C (39 °F). Germination tests started on 27 February, 13 March, 16 April, and 28 May for the non-stratified, 2-wk, 6-wk, and 12-wk stratification treatments, respectively. Because the light requirement of green alder seed is overcome with stratification (Farmer and others 1985) , we assumed that any differences in day length would not confound actual germination rates in our experiment. Seed in Petri plates was misted daily with deionized water using a spray bottle and incubated in the greenhouse under temperatures of 19 to 26 °C (66 to 79 °F) ( Figure 2 ) and 75 to 80% relative hu-Green alder seed. midity. Germinating seed was counted daily for 45 d. Germinants were recorded once the radicle and both cotyledons were expanded; once germinated, we removed seed from the Petri plates.
Statistical analysis was performed with R (R Core Team 2015). A Weibull function was chosen for comparing cumulative germination across treatments because its parameters are biologically interpretable and reflect maximum germination, germination rate, lag in the onset of germination, and accurately reflect the shape of a cumulative distribution (Brown and Mayer 1988) . Using the "drc" package in R, the following Weibull function was fitted to cumulative germination percentage within each of treatments and collection population (Ritz and Strebig 2005) :
where Y = germination percentage at time t (days), M = final germination (at 45th day), z = lag time until initiation of germination (d), k = spacing function, and c = curve shape parameter. We calculated the time to reach 50% (T50) and 90% (T90) germination of seed for each population from the parameter estimates of the Weibull function. Mean germination time ( t ) was calculated as (2) where t i is the time from the start of the experiment to the i th observation (d), n i is the number of seeds germinated on the i th day, and k is the final day of experiment (45th d). Synchronization index (E ) measures asynchrony associated with the distribution of the relative frequency of germination and is expressed by (3) where k is the last day of observation and f i is the relative frequency of germination given by . Lower values of E indicate more synchronized germination. This parameter is important to consider for practical reasons as it is desirable for seed to germinate with as little spread in time as possible. Percent average germination of green alder seed across 3 cold stratification treatments and the non-stratified control was compared using one-way analysis of variance (ANOVA). Mixed-model ANOVAs were performed to compare T50, T90, t, and E using "lme4" package in R (Bates and others 2015) with seed population location as a random effect. Mean (P ≤ 0.05) differences among treatments for T50,T90, t and E were compared with a Tukey test.
R E S U L T S A N D D I S C U S S I O N Length of Cold-Stratification Period
The number of days required for maximum germination varied among treatments (Figure 3) . The total germination percentage of green alder seed, however, did not vary significantly across 3 cold stratification regimes nor in comparison with the non-stratified control for any of the 3 seed collection populations (P ≤ 0.05; Figure 4 ). Non-stratified seed took an average of 22.2 d to achieve 90% germination, whereas the same fraction of seed that was coldstratified for 2 wk, 6 wk, and 12 wk germinated in 7.9, 8.0, and 11.5 d, respectively (Table 2) . Non-stratified seed and seed stratified for 12 wk took 9.6 and 4 d, respectively, to advance from 50 to 90% germination, whereas the 2-wk and 6-wk treatments took only 0.6 and 1.3 d. Hence, cold stratification for 2 wk and 6 wk will likely lead to higher germination uniformity in the nursery. This uniformity is also reflected in a significant reduction in synchronization index between non-stratified and stratified seed (Table 2 ). Improving the uniformity of germination is more likely to result in a less variable size distribution of nursery stock seedlings and is a desirable outcome for growers.
Only 50% of seeds germinated in the 12-wk treatment, whereas a maximum of 61.5% and 62% of seeds geminated in the 2-wk and 6-wk treatments, respectively. These percentages are twice that of green alder seed that germinated under optimal light conditions as reported by other researchers. Smreciu and others (2014) reported 1 to 20% germination of green alder seed stored at ambient conditions for up to 1 y and stratified for 30 d. Harrington and others (2008) obtained 28% germination at day/night temperature of 30/20 °C (86/68 °F) for 1-y-old seed after 60-d cold stratification. Wick and others (2008) recommended a 24-h water soak followed by a 60-d cold, moist stratification at 3 °C (37.4 °F). Because the seed in the present study originated from different locations but were collected, extracted, stored, stratified, and germinated in similar conditions as for past experiments, seed germination variability among the seed locations may have been attributable to a number of other factors including seed quality and maturity, weather conditions during seed maturation, and genetics (Atrip and O'Reilly 2007) . In addition, Ann Smreciu (personal communication 2015) has observed and suggested that green alder seed will lose substantial viability without prompt extraction and cold storage.
Time of Seed Collection
Average germination did not differ significantly among the seed collected at different times from population SPL1 during the months of August, September, and October 2013 (P ≤ 0.05; Figure 5 ). The overall trend, however, showed higher average germination in August compared to September and October for all treatments. Additional studies are required to confirm the consistency and relevance of this trend. 
N ATIV E

C O N C L U S I O N
Results of the present study indicate that cold stratification in green alder seed significantly reduced time to achieve 50% and 90% germination, mean germination time, and synchronization index. On average, seed cold stratified for 2 wk or 6 wk tended to display higher germination and lower synchronization index as compared with those cold stratified for 12 wk. We also observed that seed collection immediately after seed maturity (August) did not show significantly different germination after cold stratification from those collected in September and October.
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